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a b s t r a c t

Exponential decays are fundamental to magnetic resonance imaging, yet adequately sampling and ana-
lyzing multiexponential decays is rarely attempted. The advantage of multiexponential analysis is the
quantification of sub-voxel structure caused by water compartmentalization, with application as a
non-invasive imaging biomarker for myelin. We have developed AnalyzeNNLS, software designed specif-
ically for multiexponential decay image analysis that has a user-friendly graphical user interface and can
analyze data from many MR manufacturers. AnalyzeNNLS is a simple, platform independent analysis tool
that was created using the extensive mathematical and visualization libraries in Matlab, and released as
open source code allowing scientists to evaluate, scrutinize, improve, and expand.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Collecting and analyzing multiexponential decays using MRI
allows quantification of sub-voxel structure due to water compart-
mentalization. Presently, multiexponential analysis of T2 relaxation
is used to measure myelin water fraction, an imaging biomarker of
myelin, in peripheral [1] and central [2] nervous systems. Addition-
ally, multiexponential analysis has revealed previously unknown
inter-cellular water compartmentalization in pathological human
brain [3,4]. Similar analyses have been performed using the longitu-
dinal relaxation time (T1) for NMR [5–9], and T1–T2 correlation MRI
[10] and NMR [8,9,11] sequences.

However, amply sampling decays with MRI is both technically
challenging and time consuming. There are two major hurdles:
(1) scan times are lengthy and often provide information from only
a single slice; and, (2) analysis of the resulting multiexponential de-
cay data is complicated, difficult to replicate, and lacks integrated
visualization of results. The latter limitation makes it difficult to
correlate multiexponential decay patterns with anatomy, and to as-
sess the impact of adjusting various algorithm parameters.

Research over the last several years has allowed development of
new pulse sequences for multiexponential image data acquisition
that reduce scan time while providing information from multiple
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adjacent slices [12,13]. These new pulse sequences may allow
practical clinical application of a T2 relaxation myelin imaging bio-
marker. However, data analysis methods have remained largely
unchanged. Given that the new pulse sequences often produce sig-
nificantly more data, and the growing interest in clinical use, the
need for simple, reliable and standardized analysis becomes
pressing.

Here we describe AnalyzeNNLS, a free, open source, platform
independent software package that we hope will simplify, stan-
dardize, and advance multiexponential MRI research. We describe
the algorithms used by AnalyzeNNLS and provide a feature over-
view by analyzing in vivo human data.

2. Background

Fitting multiexponential decays is an ill-posed problem and a
challenging topic that has been reviewed comprehensively [14].
Multiexponential analysis is typically performed for MRI using
the method outlined by Whittall and MacKay [15] based on the
non-negative least squares algorithm of Lawson and Hanson [16].
The measured signal, yi, can be characterized using a set of expo-
nential basis functions describing [15]

yi ¼
XM

j¼1

sje�ti=T2j ; i ¼ 1;2; . . . ;N; ð1Þ

where ti is the measurement time, M is the number of logarithmi-
cally spaced T2 decay times, N represents the total number of data
points, and sj is the relative amplitude for each partitioned T2 time,
T2j. The transverse relaxation time constant, T2, can be replaced with
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the longitudinal relaxation time constant, T1, depending on the
measurement technique used. Similarly, for T1–T2 hybrid tech-
niques Eq. (1) can be modified to include both T1 and T2 values
according to Whittall [11]. The non-negative least squares (NNLS)
algorithm [16] can be used, and sped up according to Andersson
and Bro’s [17] implementations of Bro and De Jong’s fastnnls

[18], to minimize v2.
Eq. (1) can be written in the general form such that

yi ¼
XM

j¼1

Aijsj; i ¼ 1;2; . . . ;N: ð2Þ

The NNLS algorithm is used to minimize

v2
min ¼min

XN

i¼1

XM

j¼1

Aijsj � yi

�����
�����

2
2
4

3
5: ð3Þ

The T2 distribution, S(T2), is defined as the set of sj for T2js, resulting
from Eq. (3), and will comprise a set of delta functions. To better re-
flect biological microstructures, and to provide robust fits in the
presence of noise, an additional smoothing constraint is added that
minimizes the distribution curvature [15] by finding

v2
r ¼min

XN

i¼1

XM

j¼1

Aijsj � yi

�����
�����
2

þ l
XM

j¼1

sjþ2 � 2sjþ1 þ sj

�� ��2
2
4

3
5: ð4Þ

Larger l values favor smooth T2 distributions over v2
min, while l = 0

gives v2
min. The optimal l can be found using the generalized cross-

validation approach [19,20].
The resulting T2 distribution often consists of log-normal-like

curves, with distinct peaks resulting from water compartmentali-
zation. These peaks can be characterized by three factors: (1) area
fraction; (2) geometric mean T2 time (gmT2), which is the mean T2

time on a log scale; and (3) gmT2 width ratio (gmT2WR). The area
fraction is determined by summing S(T2) within a desired region
between T2min and T2max and dividing by the sum of all S(T2). The
gmT2 for a desired T2 region is calculated as

gmT2 ¼ exp

PT2 max
T2 min

SðT2Þ log T2PT2 max
T2 min

SðT2Þ

" #
: ð5Þ

The gmT2WR is determined by using the full width at half maxi-
mum (FWHM). By assuming the peak of interest is normal on a log-
arithmic scale, the FWHM can be found and the corresponding T2

times, T2long and T2short, can be defined as the T2 times at the FWHM
to the right and left of the peak, respectively. Then the gmT2WR can
be determined as [21]

gmT2WR ¼ T2long=T2short: ð6Þ

Since the T2 distributions are discrete, the exact values of T2long and
T2short might not exist. To compensate, T2short uses the T2 time with
the amplitude to the left of the center of the peak and less than, but
closest to, the FWHM. T2long uses the T2 time with the amplitude to
the right of the center of the peak and greater than, but closest to,
the FWHM. If the peak of interest is not log-normal-like, then
gmT2WR is not well defined. This type of assessment is best per-
formed visually.
2 ImagingInformatics.ca MultiEcho Image Data file format, University of Calgary,
Calgary, Canada.

3 UBC MRI Research Centre file format, University of British Columbia, Vancouver,
Canada.
3. Features

3.1. Design considerations

There are two MRI multiexponential software options available
[22,23], but both are costly and only work on Windows platforms.
Following the works of van Beek [24] and Nilsson [25], we have
developed a free, open source, platform independent software
package that works independently of MR manufacturer.

Matlab [26] is a natural choice for this type of initiative. While
not free, Matlab is an industry standard and most institutions pro-
vide Matlab access to their employees and students. Matlab is a
matrix-oriented computation and visualization programming envi-
ronment, with well established toolboxes for image processing,
statistics, a graphical user interface (GUI) builder, and has an active
community providing support in the newsgroups. The functional-
ity of Matlab can easily be extended by writing custom toolboxes,
and Matlab runs on most platforms, including Windows, Macin-
tosh, and Linux.

AnalyzeNNLS has a simple and intuitive GUI, which can be seen
in Fig. 1; only buttons that can be used at each stage are activated
for the user. Similarly, the output displays of the analysis are hid-
den until after the data are analyzed, and buttons and panes are re-
moved as necessary. The source code is open for scientists to
evaluate, scrutinize, improve, and expand.

3.2. Design specifics

AnalyzeNNLS is capable of opening numerous single- and multi-
slice file formats; including DICOM, data from Bruker (Bruker Bio-
Spin Ltd.), GE (General Electric Company), and Varian (Varian Inc.),
as well as the proprietary research formats MEID2 and BFF.3 Addi-
tional formats can be added by users as needed and included in the
open source project.

AnalyzeNNLS allows users to save their work. At appropriate
stages of analysis, users can either save ROIs, or all the results,
for later recall. The results saved include: ROI; text files containing
T2 distributions; regional areas; gmT2s; gmT2WRs; decay; fit; resid-
uals; and fitting information. All saved information can be loaded
into AnalyzeNNLS for future recall. The results are saved as text
files that are human readable and can easily be parsed using a
scripting language in order to compile statistical data for large
studies.

3.3. Analysis example

Fig. 1 shows an example of single-slice multiecho data immedi-
ately after loading into AnalyzeNNLS for determining multiexpo-
nential T2 characteristics. At this stage users can window/level
the image, scroll through slices or echoes, zoom in, load a new
dataset or previously analyzed data, or draw and load ROIs.

Once an ROI is drawn, a panel appears to the right of the main
window that displays a graph of the measured data and Save ROI

and Run NNLS buttons are unveiled and can be seen in Fig. 2. The
Save ROI button saves the ROI for future recall. Clicking Run NNLS
launches the Fitting Options panel where users set appropriate
parameters such as T2 range and basis length, and echo start and
cutoff. Once the parameters are set, the Fit Data button causes
the NNLS Fitting Options panel to disappear while multiexpo-
nential data are analyzed.

Once the fitting routine completes, the three panels shown in
Fig. 3 appear to the right of the main window and a results panel
shown in Fig. 4 appears below the main window. To the right of
the main window, the Decay Data panel is replaced with a panel
that has the decay data along with the fit. The middle panel shows
the residuals from the fit and the lower panel shows the T2 distri-
bution and cumulative sum. In the results panel below the main
window users can change limits in the T2 distribution in order to



Fig. 1. AnalyzeNNLS immediately after MRI data are loaded. Note that buttons that
are not usable at this stage are grayed out and non-functional. At this point users
can window/level, scroll through slices or echoes, zoom in, load a new dataset or
previously analyzed data, or draw and load ROIs.

Fig. 2. Regions of interest are drawn using a function available in the Matlab image
processing toolbox. Once the ROI is drawn an additional panel appears showing the
decay of the signal averaged within the ROI for each echo (not shown). At this point
more buttons are unveiled for further use.

Fig. 3. Results panels appear to the right of the main window in the order shown.
The decay and fit are depicted in A and the residuals of the fit are shown in B. The T2

distribution and cumulative sum are displayed in C. Note, the oscillation in the
residuals are not due to stimulated echoes, which would decrease with echo time,
but are due to flow of nearby structures. No such oscillations were observed for
ROIs in the minor forceps.
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determine area fractions, gmT2s, and gmT2WRs. Data can be saved
for future recall by using the Save Data button on the main
window.

4. Discussion

Analyzing multiexponential decays using MRI is rarely at-
tempted, yet these decays are fundamental to MRI. The advantage
of collecting and analyzing multiexponential data is the quantifica-
tion of sub-voxel compartmentalized microstructure. This type of
analysis has been used as an imaging biomarker for myelin content



Fig. 4. Along with the results that appear as shown in Fig. 3, the Results panel
appears below the main window. This panel allows users to modify the T2 ranges in
order to evaluate the area fractions, gmT2s, and gmT2WRs of T2 distribution peaks in
Fig. 3C.

4 http://sourceforge.net/projects/analyzennls.
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[1,2] and has uncovered compartments yet to be classified in path-
ological brain [3,4].

Although only a human white matter example is shown here,
multiexponential decays have been observed in other brain tissue,
such as gray matter [13,27], ischemia [28], and tumor [29]. Multi-
exponential decays have been studied in: other biological tissue,
such as blood [5], cervix [30], muscle [30], fat [30], breast [31], car-
tilage [32], liver [33], and prostate [34]; and physical structures
such as wood [15,35], geophysical exploration of pore size in oil
sands [36–38], and Renaissance wall paintings [39]. Of these vari-
ous structures, AnalyzeNNLS has been used to study multiexpo-
nential decays in brain tissue (white and gray matter, ischemia,
and tumor), muscle, cartilage, and cheese.

Collecting multiexponential decays with MRI is difficult and
time consuming, and analyzing the resulting signal is nontrivial.
We consider the possibility of sharing analysis software using open
source an appreciable advantage for scientists that want to share
results from multiexponential MRI studies. The usage of the anal-
ysis software described here facilitates the analysis and allows
researchers to concentrate more on developing pulse sequences
and experimental protocols.

The results obtained using AnalyzeNNLS can be saved for later
recall so scientists can use familiar software to present their data.
However, the graphs created using AnalyzeNNLS, shown in Fig. 3,
use native Matlab plotting boxes intentionally, retaining built-in
functionality such as zooming and the ability to edit the figure
characteristics such as font, line type, and line width. Conse-
quently, journal-quality figures can be created from the graphs in
multiple image formats, such as eps, pdf, and tiff.

Presently, there are no open source software packages available
for MR multiexponential analysis. There are many benefits to open
source, it:

1. Allows scientists to review, improve, and update analysis meth-
ods collaboratively.

2. Gives scientists the opportunity to learn more about multiexpo-
nential analysis, and to come to their own conclusions as to
whether or not the software is truly tailored to their needs.

3. Allows modification of the source code to repair errors and add
features. These modifications can then be shared easily with
other users.

AnalyzeNNLS is not meant to be an all-in-one MRI analysis solu-
tion, it is designed to do a specific task, multiexponential image
analysis, well. If AnalyzeNNLS is not the exact tool required, scien-
tists can keep the features they do need, and modify the source
code accordingly. For instance, modifying the algorithm parame-
ters in order to analyze the real portion of complex image data,
as opposed to magnitude data, required changing two lines of code
in the AnalyzeNNLS open source project. Furthermore, the fitting
routines for AnalyzeNNLS are separated from the main GUI code,
which makes it easy for users to experiment with novel multiexpo-
nential inversion algorithms.
5. Conclusion

Multiexponential decays are fundamental for MRI, and the
acquisition and analysis of multexponential MR data is of growing
importance. AnalyzeNNLS is free, open source software designed
for magnetic resonance multiexponential decay image analysis
that is capable of running on any operating system to analyze data
from many MR manufacturers. Scientists are welcome to critique
and improve AnalyzeNNLS by contributing to the open source
project.
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Appendix A

AnalyzeNNLS was written in Matlab [26], a platform indepen-
dent, industry standard development environment with source
code that is <400 kB when compressed. Matlab has various tool-
boxes ideal for image processing, including functions capable of
displaying images, window/leveling, drawing ROIs, and curve fit-
ting algorithms to name a few. Specifically, the image processing
and statistics toolboxes are required to run and develop for this
software.

AnalyzeNNLS is developed and distributed under the BSD li-
cense, allowing unlimited redistribution of the software. This pro-
ject is hosted on sourceforge.4 This contribution describes version
2.2.0 of AnalyzeNNLS running on Maltab 7.5.

A toolbox is available for Matlab that allows applications to be
compiled for use on any operating system, and a linux version is
available. End-users simply need to install the free Matlab Common
Runtime to use a compiled application without a Matlab license.
Since Matlab is platform independent, AnalyzeNNLS has been suc-
cessfully used on Windows XP, Vista, and 7; Macintosh OS X 10.4–
10.5; and Kubuntu and Red Hat Linux operating systems.
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